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Abstract

The host compound 9,90 -(ethyne-1,2-diyl)-bis (fluoren-9-ol),
H,  forms  inclusion  compounds  with  caffeine  (H CAF)  and
methanol (H MeOH). The host and guest ratios were 1:2 and
1:1, respectively. Both of these struc-
tures were  successfully  solved  in P-1  with  unit  cell

˚
dimensions for H CAF: a = 7.2121(14) A, b = 9.2782(19)

˚ ˚ b = 84.20(3)L, c =A, c = 15.206(3) A, a = 73.23(3)L,
˚

73.39(3)L, Z = 2 and for H MeOH : a = 9.7592(10) A,
˚ ˚

b = 11.2584(11) A, c = 20.7854(19) A, a = 97.161(2)L,
˚

b = 99.263(2)L, c = 95.257(2) A, Z = 2. These crystal
structures  were  studied  together  with  that  of  a  mixed
clathrate, H CAF MeOH with stoichiometry 2:1:1.5. For H
CAF MeOH which was solved in P21/c : a = 12.2051(5)
˚ ˚ ˚
A, b = 46.8023(19) A, c = 9.0121(4) A, b = 91.9650(10)L,
Z = 4. The kinetics of desolvation of the methanol solvate

(H
MeOH)  yielded  an  activation  energy  of  69.6–83.9

-1
.kJ mol
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The host compound 9,90 -(ethyne-1,2-diyl)-bis(fluoren-9-ol) forms 
inclusion compounds with caffeine (H CAF) and methanol (H 
MeOH). Both of these crystal structures were studied together with 
that of a mixed clathrate, H CAF MeOH. The kinetics of desolvation 
of the methanol solvate (H MeOH) was determined.

Introduction

Caffeine,  3,7-dihydro-1,3,7-trimethyl-1H-purine-2,6-dione,  is
a stimulant of the central nervous system and a smooth muscle
relaxant. The structures of several of its salts [1,  2] and co-
crystals have been reported. In a comprehensive study of its
stability  at  differing  relative  humidities,  Jones  et  al.  also
reported the structures of its co-crystals with oxalic, malonic,
maleic and glutaric acids [3]. Caffeine was also employed in
the  synthesis  of  three  component  solids  by  liquid-assisted
grinding  [4].  Co-crystals  of  caffeine  with  three  isomers  of
hydroxyl-naphthoic  acids  have  been  studied.  These  are
interesting  because  these  acids  have  competing  hydrogen
bonding  donor  moieties:  hydroxyl  (weak)  and  carboxylic
(strong)  [5],  giving  rise  to  differing  connectivities  in  the
packing [6]. Caffeine forms inclusion compounds with calix
[4]  arene  dihydroxy  phosphonic  acid  [7]  and  C-(n-
propyl)calyx(4)resorcinarene [8]. Recently, binary and ternary
phase diagrams have been constructed of the caffeine-maleic
acid system in order to understand the formation of their co-
crystals  with  differing  stoichi-ometries  [9].  Toda  and  co-
workers [10] had shown that caffeine can be extracted from
tea  leaves  using  a  diol  host,  1,1,6,6-tetraphenylhexa-2,4-
diyne-1,6-diol.

Caffeine and theophylline are biorelevant molecules and we
undertook this study to determine the selectivity of the host

compound  9,90 -(ethyne-1,2-diyl)-bis(fluoren-9-ol),  H,
towards these two guests.  The compound H is a bulky diol
host which has been previously studied, and is known to form
inclusion compounds with a variety of guests.  Its  structures
with  pyridine  and  the  isomers  of  picoline  as  well  as  the
selectivity  profiles  of  the system have been examined  [11],
and the competition experiments for this host with mixtures of
ethanol/acetonitrile  as  well  as  the  resulting  structures  have
been studied in detail [12]. The structures
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Scheme 1 Atomic numbering scheme for the host and the guests

of  its  inclusion  compounds  with  propanol,  cyclohexanol
and tetrahydrofuran  have been elucidated [13].  We were
unsuccessful in forming an inclusion compound between H
and theophylline and we now present the structures of this
host with caffeine (H CAF), methanol (H MeOH) and the
mixed methanol/caffeine  clathrate  (H CAF MeOH).  The
atomic numbering scheme is given in Scheme 1.

Experimental

Crystal Growth

The  caffeine  co-crystal,  H  CAF,  was  grown  by  slow
evaporation  of  a  saturated  solution  of  a  1:2  ratio  of
H:caffeine  in  methanol.  A  1:2  ratio  of  H:theophylline
dissolved  in  methanol  yielded  the  methanol  solvate  (H
MeOH). The mixed clathrate, H CAF MeOH was obtained
from 50:50 mixtures of caffeine and theophylline with the
host H using methanol as a mutual solvent.

Structure Analysis

Unit cell parameters were determined from intensity data
measured  on  a  Kappa  CCD  diffractometer  [14]  using
graphite-monochromated Mo-Ka radiation and on a Bruker
DUO APEX II diffractometer [15]. The intensity data were
collected by the standard phi scan and omega scan tech-
niques,  scaled  and  reduced  using  the  program DENZO-
SMN [16] or SAINT-Plus [17]. The structures were solved
using  direct  methods  and  refined  by  full-matrix  least

squares with SHELX-97, [18] refining on F2. The program

Table 1 Crystal data and refinement parameters

Compound H CAF H MeOH H CAF MeOH

Structural formula -Ha C8H9N4O2 2Ha 2CH4O 2Ha C8H9N4O2 2
3 CH4O

Molecular mass (gmol-1) 386.40 836.93 1013.10
Data collection temp. (K) 173(2) 173(2) 100(2)

Crystal system Triclinic Triclinic Monoclinic

Space group P-1 P-1 P21/c
˚

7.2121(14) 9.7592(10) 12.2051(5)a (A)
˚

9.2782(19) 11.2584(11) 46.8023(19)b (A)
˚

15.206(3) 20.7854(19) 9.0121(4)c (A)

a (L) 73.23(3) 97.161(2) 90.00

b (L) 84.20(3) 99.263(2) 91.9650(10)

c (L) 73.39(3) 95.257(2) 90.00
˚ 3

) 933.4(3) 2221.8(4) 5144.9(4)Volume (A
Z 2 2 4

Dc, Calculated density (g cm-3) 1.375 1.251 1.308

Absorption coefficient (mm-1) 0.094 0.080 0.086
F (000) 404 880 2124

h range 2.38–25.68 1.96–27.11 2.30–26.48

Limiting indices ±8, -10, 11,  ±18 ±12, -14, 9, -25, 26 -13, 15, ±58, -10, 11

Reflections collected/unique 8893/3534 15216/9099 34019/10488

Goodness-of-fit on F2
1.023 1.037 1.111

Final R indices [I [ 2 sigma (I)] R1 = 0.0537; wR2 = 0.1288 R1 = 0.0549; wR2 = 0.1390 R1 = 0.0598; wR2 = 0.1201

R indices (all data) R1 = 0.0944; wR2 = 0.1501 R1 = 0.0746; wR2 = 0.1527 R1 = 0.0903; wR2 = 0.1310
˚ -3

) 0.596 -0.235 0.775, -0.394 0.386, -0.275Largest diff. peak and hole (eA
a  C28H18O2
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Fig. 1 Thermal ellipsoid plot 
(30% probability) for H CAF
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Fig. 2 a Hydrogen bonding in H CAF. b Packing diagram of H CAF
down [010].  All  hydrogens  not  involved  in  hydrogen  bonding are
omitted for clarity

X-Seed [19] was used as a graphical  interface.  All  non-
hydrogen  atoms  were  found  in  the  difference  electron
density map. The aromatic hydrogens of the hosts and the
hydrogens of the guests not involved in hydrogen bonding
were  placed  with  geometric  constraints  and  allowed  to
refine isotropically. The crystal data is given in Table 1.

Thermal Analysis and Kinetics

Both  thermogravimetry  (TG)  and  differential  scanning
calorimetry (DSC) were performed on a Perkin Elmer 6

series  system.  Experiments  were  conducted  between  the
temperatures  303–573 K at  heating  rates  of  10 K min-1

using nitrogen as a purge gas at 20 ml min-1. For both TG
and  DSC  the  crystals  were  removed  from  the  mother
liquor, dried on filter paper and crushed prior to analysis.
The  kinetics  of  desolvation  were  determined  for  the  H
MeOH compound using non-isothermal methods [20, 21].
Crystals were crushed prior to analysis and a series of TG
experiments with heating rates between 2 and 20 K min-1

were performed.

Results and Discussion

Structures

For H CAF (Fig. 1) the host molecule occupies a centre of
symmetry at Wyckoff position d while the guest was found
in general positions. The hydroxyl groups of the diol host
are  subsequently trans.  The structure  is  characterized  by
alternating columns of host and guest molecules parallel to
[100].  Furthermore  layers  of  caffeine  molecules  are
stacked  parallel  to  [010].  Figure  2   shows  the  diol  host
hydrogen bonded to the imidazole nitrogen of the caffeine
guest of the form (Host)–OH N–(Guest).  Hydrogen bond
param-eters are given in Table 2.

The  structure  is  further  stabilized  by  p-p  stacking
interactions between adjacent host molecules with the shortest
contact between the centroids of neighbouring host

˚

molecules  approximately  3.94  A.  A  similar  interaction  is
present between guest molecules with the closest contact of

˚

approximately 3.47 A between the centroids of adjacent
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Table 2 Hydrogen bonding details

Structures Donor(D)–H  Acceptor(A)
˚ ˚ ˚

D–H  A (L)D  A (A) D–H (A) H  A (A)

H CAF O1–H1  N3G 2.823(3) 0.96(1) 1.88(1) 167(3)

H MeOH O1–H1  O2Aa 2.680(2) 1.01(1) 1.72(1) 157(3)

O2–H2  O1Ab 2.680(2) 0.98(1) 1.70(1) 172(3)
O1A–H1A  O2GA 2.617(2) 0.98(1) 1.67(1) 162(3)

O2A–H2A  O2Gc 2.706(2) 0.97(1) 1.73(1) 179(3)
O2G–H2G  O2 2.746(2) 0.95(1) 1.80(1) 171(3)

O2GA–H2GA  O1c 2.731(2) 0.97(1) 1.77(1) 172(3)

H CAF MeOH O1–H1  O2d 2.661(2) 0.98(1) 1.72(1) 161(2)

O2–H2  N3Gd 2.742(3) 0.96(1) 1.82(1) 162(3)

O1A-H1A  O2 Gb 2.775(2) 0.97(1) 1.81(1) 177(3)

O2A–H2A  O2GAe 2.698(2) 0.98(1) 1.75(1) 162(3)

O2GA–H2GA  O2Af 2.796(2) 1.02(1) 1.78(1) 175(4)
a x ? 1, y - 1, z
b x ? 1, y, z
c x - 1, y, z
d - x, - y, - z ? 2
e x, y, z ? 1
f x, - y ? 0.5, z - 0.5
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Fig. 3 Thermal ellipsoid plot (30 % probability) for H MeOH

caffeine molecules. The shortest C–H p distance mea-
˚

sured was approximately 3.54 A. The guest molecules lie
in open intersecting channels parallel to [100] and [010].

For H MeOH (Fig.  3), two host molecules and two guest
molecules  were  found  in  the  asymmetric  unit  in  general
positions. For both diol host molecules the hydroxyl groups

adopt  the cis  conformation  and  are  nearly eclipsed with
torsion angles O1–C2–C16–O2 = 3.8(2)L and O1A–C2A–
C16A–O2A = 4.8(2)L.  A similar  conformation  was seen
with  mixed  ethanol  acetonitrile  clathrates  of  this  host
where the abovementioned torsion angle varied from 3.50L
to 4.26L [12]. The structure is stabilized by three centre
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Fig. 4 Hydrogen bond network in H MeOH

hydrogen  bonds  between  two  host  molecules  and  one
methanol guest molecule (Fig.  4). The hydrogen bonding
network links adjacent molecules in spiral chains parallel
to [010]. Fluorenyl moieties connect neighbouring chains
via p–p stacking, with the shortest distance of approxi-

˚

mately 3.83 A between the centroids of aromatic rings. The
methanol molecules occupy cavities with estimated

˚ ˚ ˚

dimensions of 4.38 A 9 8.93 A 9 5.09 A [22].
The  mixed  clathrate  H  CAF  MeOH  (Fig.  5)  has  two
independent host molecules, one caffeine and 1.5 methanol
molecules in the asymmetric unit. The host molecules have
the  hydroxyl  groups  in  the  gauche  conformation  with
torsion  angles  O1-C2-C16-O2  =  43(1)L and  O1A-C2A-
C16A-O2A = 15(1)L. The connectivity of molecules in this
structure  is  complex  (Fig.  6),  and  a  few  noteworthy
features will be mentioned. Two hydrogen bonds connect
host molecule 1 to its symmetry related counterpart  (via
operator - x, - y, 2 - z). Host molecule 1 is also hydrogen
bonded to a disordered methanol molecule which is located
on a centre of inversion. Both the imidazole nitrogen and
one of the carbonyl oxygens of caffeine are

Fig. 6 Connectivity diagram of H CAF MeOH. All hydrogens except
those involved in hydrogen bonding have been omitted for clarity

involved in hydrogen bonding to host hydroxyl groups via
(Host)–OH  N–(Guest)  and  (Host)–OH  O–(Guest)  link-
ages. Host molecule 2 is connected to other host molecules
via methanol bridges.

There could be many reasons for the selective inclusion of
caffeine  over  theophylline  by  the  host  compound.  The
methyl group on the imidazole ring of caffeine is electron
donating and consequently the nitrogen involved in hydro-
gen  bonding  to  the  host  is  more  electronegative.  Thus
caffeine has a stronger acceptor nitrogen compared to the-
ophylline. Theophylline was also significantly less soluble
in methanol. The bulky methyl group on the imidazole ring
of caffeine which is absent in theophylline is also involved
in a weak C–H p contact with the host molecule of

˚

approximately 4.236 A. This further stabilises the structure.
A list of the shortest weak intermolecular contacts for all
three structures is given in Table 3.
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Table 3 Weak intermolecular
Compound Atom label Approximate Symmetry Anglecontacts ˚

operator C–H  Cg (L)distance (A)

H CAF Cg(C9–C14)  Cg(C3–C8) 3.936 -x, 2-y, -z –

Cg(N1G–C9G)  Cg(N5G–C6G) 3.473 1-x, 1-y, 1-z –

C11G–H11G  Cg(C9–C14) 3.541 x, y, z 136

C12G–H12G  Cg(N1G–C9G) 3.577 -x, 1-y, 1-z 149

C10G–H10G  Cg(C3–C8) 4.236 -x, 2-y, 1-z 120

H MeOH Cg(C9A–C14A)  Cg(C3A–C8A) 3.791 1-x, 1-y, 1-z –

C10A–H10A  Cg(C17A–C22A) 3.676 1-x, 1-y, 1-z 139

O2G–H2G  Cg(C16–C28) 3.535 x, y, z 130

H CAF MeOH Cg(C17A–C22A)  Cg(C23A–C28A) 4.650 -x-1, -y, 2-z –

Cg(C23A–C28A)  Cg(C17A–C22A) 4.650 -x-1, -y, 2-z –

C11–H11  Cg(C17A–C22A) 4.081 -x, -y, 1-z 141

Cg = ring centroid C11G–H3G3  Cg(C22A–C28A) 3.408 -x, -y, 2-z 107

Table 4 Thermal analysis table

Inclusion compound H CAF H MeOH H CAF MeOH

H:G ratio 1:2 1:1 2 : 1 : 3
2

TG (calc % mass loss) _ 7.7 4.7

TG (exp % mass loss) _ 6.4 5.0

DSC (Ton/K)

A 455 310 381

B – 394.6 454

C – 466 464

D – 505 489.6

E – – 503.5

Melt of caffeine (K) 512.7

Melt of H (K) 519.5

Thermal Analysis and Kinetics

Thermogravimetric  curves  for  both  H CAF and H CAF
MeOH showed single mass loss steps with good agreement
between calculated and experimental results (Table 4). The

DSC  curve  for  the  caffeine  co-crystal  showed  a  single
endotherm  corresponding  to  the  melt  of  the  new  com-
pound.  The  decomposition  of  H  MeOH  (Fig.  7)  and  H
CAF MeOH showed more  complex  pathways  with  four
and  five  endotherms  respectively.  For  H  MeOH,  endo-
therms A and B are due to the loss of methanol, a small
endotherm  C  is  indicative  of  a  phase  change  and
endotherm  D  coincides  with  the  melt  and  subsequent
decomposition of the host compound. For H CAF MeOH,
methanol is released at 381 K (endotherm A) followed by
consecutive phase changes (endotherms B–D). Finally the
host  com-pound undergoes  a  melt  and  decomposition at
503.5 K (endotherm E).

The kinetics of desolvation were determined for H MeOH
using  non-isothermal  methods.  A plot  of  log  b  vs  1/T
where b is the heating rate is shown in Fig.  8. Analysis of
the slopes resulted in an activation energy range of 69.6
-83.9 kJ mol-1. A kinetics study of this host with 2-picoline
[11]  using  isothermal  methods  resulted  in  an  activation
energy  of  111(7)  kJ  mol-1.  The  2-picoline  guest  lies  in
hour-glass channels whereas the methanol guest

Fig. 7 DSC curve of H MeOH
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Fig. 8 Non-isothermal results for the desolvation of H MeOH

occupies cavities within the host framework. Thus one
would expect that the compound with the guest situated in
channels would have the lower activation energy. However

the vapour pressure of 2-picoline is approximately one
tenth that of methanol [23] and the rate of desolvation for

H MeOH is thus considerably higher than for the 2-picoline
compound.

Conclusions

The dominant interaction in the caffeine co-crystal is the

hydrogen bond (Host)–OH  N–(Guest). Weaker C–H  p
and p  p interactions direct the packing in three dimen-
sions resulting in the caffeine molecules aligned in

columns to maximize these weaker nonbonding contacts.
Substitution of caffeine by the smaller methanol guest
exploits the acceptor–donor ability of the hydroxyl func-

tionality forming ribbons of host and methanol molecules.
For the mixed clathrate both the carbonyl oxygen and the
imidazole nitrogen of caffeine are utilized in hydrogen
bonding. This system has shown the flexibility of this
particular diol host to accommodate guests by altering its
conformation with respect to the hydroxyl groups from

trans (H CAF) to nearly eclipsed (H MeOH) and gauche

(H CAF MeOH).
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